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Solution Structure of CopC:
A Cupredoxin-like Protein
Involved in Copper Homeostasis
located which are involved in bacterial resistance to
high copper concentrations [8, 9].
The protein CopC of Pseudomonas syringae pathovar
(pv.) tomato (CopC) is one of four proteins, CopA, -B,
-C, and -D, coded on the copper resistance operon (cop)
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Via Luigi Sacconi 6 of plasmid pPT23D [10] and acting under the control of
a copper-inducible promoter requiring the regulatory50019, Sesto Fiorentino
Florence genes copR and copS, coded immediately downstream
of CopD [11]. The pPT23D plasmid was isolated fromItaly
copper-resistant strains of P. syringae pv. tomato in
Californian tomato fields exposed to high levels of cop-
per compounds [10]. This plasmid is able to confer cop-
Summary per resistance to the host strains of Gram-negative bac-
teria [10]. When grown on copper-supplemented media,
The structure of the metal-free form of CopC, a protein these strains accumulate copper (II), indicating that re-
involved in copper homeostasis, has been obtained. sistance is due to an uptake mechanism [12]. Much of
The fold is a Greek key  barrel similar to that of this copper sequestering is due to the cop operon with
functionally unrelated blue copper proteins but with copper accumulation in the cellular periplasm and outer
important structural variations. The protein binds one membrane.
equivalent of copper (II) with relatively high affinity and Chromosomal homologs of the cop operon have been
contains a cluster of conserved residues (His1, Glu27, characterized in both copper-resistant and copper-sen-
Asp89, and His91) which could form a water-accessi- sitive strains of P. syringae. Certain mutant strains gain
ble metal binding site. The structure also reveals a copper resistance from the chromosomal copies, sug-
loop containing the M(X)nM motif which is present in gesting that the plasmid cop operon possibly evolved
a number of proteins also involved in copper homeo- from the chromosomal copies [13]. Chromosomal ho-
stasis. The present structure represents a link be- mologs of the plasmid cop operon have also been identi-
tween copper-trafficking proteins and cupredoxins. fied in both Gram-positive and Gram-negative bacteria.
Within a structural and genomic analysis, the role of Also, functional, copper-inducible chromosomal homo-
CopC in copper trafficking is discussed. logs of CopR and CopS exist in other bacteria [14].
In an attempt to understand the structural and func-
tional basis of copper resistance, we have expressedIntroduction
recombinant CopC from P. syringae and solved its three-
dimensional solution structure in the apo form. Further-Copper is one of the most prevalent transition metals in
more, a titration of this protein with copper (II) givesliving organisms and its biological function is intimately
indications about the residues associated with copperrelated to its redox properties. Since free copper is toxic,
binding. The structure reported in this paper has a foldeven at very low concentrations, its homeostasis in living
similar to that of the functionally unrelated blue copperorganisms is tightly controlled by subtle molecular
proteins, but with some differences peculiar to it. Frommechanisms. In eukaryotes, before being transported
the solved structure and a genomic analysis of operonsinside the cell via the high-affinity copper transporters
involved in copper resistance in other bacteria, hints onof the CTR family, the copper (II) ion is reduced to copper
the role of CopC are obtained.(I) [1]. Proteins that stabilize the copper (I) ion form either
polynuclear metal thiolate clusters, as in metallothio-
neins and in the transcription factors Ace1, CUP2, and Results
AMT, or constrained His2Cys coordination environ-
ments, as in blue copper proteins [2]. During the past Expression
few years another important class of proteins, called The recombinant protein CopC was overexpressed in
metallochaperones, has been identified, which bind an E. coli host and 13C/15N-labeled protein was produced.
copper (I) with a Cys2 coordination [3]. These proteins Analysis by SDS-PAGE and ES-MS has shown that
guide and protect the copper ion within the cell, deliv- CopC is expressed without the leader sequence coded
ering it safely to the appropriate functional protein re- in the construct pAT2. This indicates that E. coli is able
ceptors [4, 5]. P-type ATPases are operative in transfer- to process this P. syringae signal sequence and trans-
ring copper (I) through membranes from one cellular port the protein to the periplasm, presumably by the
compartment to another [6]. For a few proteins of these Sec-dependent mechanism [15]. The molecular mass of
classes, the solution and/or X-ray structures have been the apo protein is in agreement with the theoretical value
resolved (reviewed in [7]). In addition to these Cu(I)- of 10535 Da.
trafficking proteins, other pools of proteins have been
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NMR Spectra 7. In Figure 1, a 35 conformer family of apoCopC is
represented as a tube, whose radius is proportional toThe 15N and 13C HSQC spectra of apoCopC show well-
dispersed resonances indicative of an essentially folded the backbone rmsd of each residue.
protein. The backbone resonance assignment was ob-
tained from the analysis of CBCANH and CBCA(CO)NH Interaction with Copper
When a solution of CuSO4 is added stepwise to a 2spectra. All the backbone resonances were assigned
with the exception of the C and C of the N-terminal mM apoCopC sample, an absorption at max  616 nm
appears whose intensity increases with increasing con-His, as the sequential assignment is broken up by its
following residue, Pro2. The assignment of the side centrations of copper (II) up to one equivalent. The molar
absorbance is 85 M1. By fitting the increase in intensitychain resonances was performed through the analysis
of 3D CC(CO)NH and HCCH-TOCSY spectra, together of the absorption band as a function of copper concen-
tration, an affinity constant of 1.3  0.5  104 M1 iswith 15N-NOESY-HSQC and 13C-NOESY-HSQC spectra.
The ring NHs of all the His residues in apoCopC are not obtained for copper (II) binding to CopC.
The EPR spectrum of Cu(II)1-CopC displays g|| 2.26,observed, possibly due to their fast exchange with the
solvent. The nonexchangeable His ring protons were g⊥  2.05, and A||  17.1 mT (177  104 cm1). These
data indicate a type II, tetragonal copper with N/O asassigned through 1H-15N HSQC tailored for the detection
of 2 J 1H-15N couplings and from the analysis of the 2D donor atoms, as reported in the literature [19, 20].
NMRD profiles on Cu(II)1-CopC and on the same sam-NOESY map. For all the His residues, and particularly
His1, all the nonexchangeable protons are assigned. In ple reduced with ascorbate can monitor the presence
of exchangeable water at the copper (II) center [21, 22].total, about 90% of carbon atoms, 99% of nitrogen
atoms, and 97% of protons were assigned. NMRD experiments measure the relaxation rates of the
water 1H signal as a function of the applied magneticChemical shift index (CSI) analysis [16] on H, CO,
C, and C resonances indicated the presence of six  field. These rates depend on the interaction of the water
molecules with the slow tumbling protein molecule and,strands and no helices. Two more strands at the N-ter-
minal end are predicted only from C and CO chemical when present, with the paramagnetic center. The differ-
ence in the NMRD values for the Cu(II) with respect toshifts for the first strand (residues 5–8) and from C
and CO chemical shifts for the second strand (residues the Cu(I) sample directly provides the contribution to
relaxation determined by the paramagnetic center. The13–15).
The CSI analysis is consistent with the 3 JHNH coupling fitting of these relaxation rate differences as a function
of the magnetic field [23] provides the distance betweenconstants, with values larger than 7 Hz for most of the
protein residues, indicating the all  character of the the copper ion and the water molecule and the correla-
tion time for this interaction. The latter, significantly af-overall fold [17]. Also, the dN(i  1, i)/dN(i, i) ratios are
larger than 1 for most of the residues, as expected for fected by the electron relaxation, is about 2  109 s;
the fitting indicates the presence of a water molecule strands [18].
with protons within 3–4 A˚ of the copper ion.
Addition of copper (II) to apoCopC has sizable effects
Solution Structure Calculations and Analysis on nuclear relaxation and consequently on the NMR
2190 NOE crosspeaks were assigned and integrated, signal line widths [24, 25]. Through 1H-15N HSQC spectra,
providing 1998 unique upper distance limits, of which the effect of copper binding on each residue of the
1418 are meaningful. Hydrogen bond constraints for 28 protein can be selectively followed during the titration.
amide protons were experimentally detected and used Addition of up to one equivalent of copper (II) resulted
in the calculations. A total of 41 proton pairs were stereo- in the disappearance of 1H-15N crosspeaks of the amide
specifically assigned. One hundred forty one angle con- protons of residues 3–4, 26–28, 30, and 85–91 (Figure
straints were experimentally determined and used in the 2). For residues 5, 25, 33–37, 83, 84, 94, and 95, a second
calculations for 47 φ, 42 , and 52 	1 angles. After crosspeak is observed during the titration whose inten-
restrained energy minimization (REM) on each con- sity increases as the intensity of the original peak de-
former of the family, the rmsd of the mean structure is creases. Also, some proton signals disappear and oth-
0.69  0.31 A˚ for the backbone and 1.06  0.35 A˚ for ers experience variable broadening, as observed in a
all heavy atoms; the penalty is 0.26 0.02 A˚2 for distance 2D NOESY map collected on the Cu(II)1-CopC adduct.
constraints and 0.06  0.03 rad2 for angle constraints. As the interaction between the unpaired electron spin
The rmsd values per residue of the mean structure of and the nuclear spin is essentially dipolar, the effect on
the final REM family are given in Figure 2B of the Supple- signal line width depends on the reciprocal of the sixth
mentary Material (available with this article online). If power of the nucleus-metal ion distance [24]. Conse-
segment 41–50 is taken out, the rmsd values drop to quently, the metal ion location can be inferred from the
0.34  0.07 and 0.68  0.08 A˚ for the backbone and analysis of the line broadening of the proton signals.
heavy atoms, respectively. The statistical analysis of the From this analysis it is found that, within a sphere of
REM family of apoCopC structures is reported in Table 1. about 10 A˚ centered on a position equidistant from the
The structure is characterized by the following sec- loops connecting strands 2 and 3 and strands 6 and
ondary structure elements: 4–8 (1a), 13–15 (1b), 21–25 7, no signal can be detected due to interaction with
(2), 35–40 (3), 51–53 (4a), 55–59 (4b), 65–70 (5), the paramagnetic copper ion (see inset of Figure 2).
77–86 (6), and 92–101 (7), which are consistent with Nuclei outside this sphere show a broadening of maxi-
the analysis of the NOE patterns. The  strands are all mum 20–25 Hz, which decreases as they are farther
from the center of this sphere.antiparallel, with only the exception of 1b parallel to
Solution Structure of CopC
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Table 1. Statistical Analysis of the Solution Structure of apoCopC
REMa 
REMa
Rms violations per experimental distance constraint (A˚)b (35 structures)
Intraresidue (275) 0.014  0.001 0.011
Sequential (419) 0.011  0.001 0.010
Medium rangec (122) 0.010  0.003 0.014
Long range (591) 0.013  0.001 0.011
Total (1418) 0.012  0.001 0.011
Average number of NOE violations per structure
Intraresidue 9.5  1.2 8
Sequential 6.6  1.2 4
Medium rangec 2.2  1.0 3
Long range 13.9  2.2 11
Total 32.3  3.3 26
Average number of NOE violations larger than 0.3 A˚ 0 0
Largest residual NOE violation (A˚) 0.18 0.14
Average NOE target function (A˚2) 0.26  0.03 0.21
141 angle constraints (47 φ, 42 , and 52 	1 angles)
Average number of angle violations larger than 5 2.7 0
Largest residual angle violation (rad) 0.2 0.07
Average angle target function (rad2) 0.06  0.04 0.05
28 experimental hydrogen bond constraints
Average hydrogen bond target function (A˚2) 0.00 0.00
Structural analysisd
Residues in most favorable regions (%) 74.5 78
Residues in allowed regions (%) 22 16
Residues in generously allowed regions (%) 3.5 6
Residues in disallowed regions (%) 0 0
Experimental restraint analysise
Completeness of experimentally observed backbone NOE up to 4 A˚ cutoff distance (%) 90%
Completeness of experimentally observed NOE up to 4 A˚ cutoff distance (%) 62%
Completeness of experimentally observed NOE up to 5 A˚ cutoff distance (%) 30%
a REM indicates the energy-minimized family of 35 structures; 
REM is the energy-minimized mean structure obtained from the coordinates
of the individual REM structures.
b The number of experimental constraints for each class is reported in parentheses.
c Medium-range distance constraints are those between residues (i, i  2), (i, i  3), (i, i  4), and (i, i  5).
dAs it results from the Ramachandran plot analysis.
e As it results from the AQUA analysis [48].
Further additions of copper produce other spectral state of the protein in both the apo and Cu(II)1-bound
forms, consistent with m values measured for proteinsvariations (i.e., line broadening and/or signal disappear-
ance), which are mostly located in the protein segments of similar size with a cupredoxin fold [26].
39–53, 77–80, and 98–101, that is, at the other end of
the  barrel, encompassing a Met-rich region. This may Discussion
indicate an interaction of CopC with other copper (II)
ions at lower affinity copper binding sites. The character- Description of the Structure
ization of these interactions needs further studies, which CopC in solution adopts a fold essentially constituted
are in progress in our laboratory. by two  sheets forming a Greek key  barrel motif
(Figure 1) which involves nine strands, two of which are
parallel while the others are all antiparallel. The core ofMobility Studies
The protein has been characterized also in terms of the protein assumes a rough cylindrical shape formed
by the various  strands connected by loops located atinternal mobility through 15N relaxation measurements,
both in the apo and in the Cu(II)1-loaded forms. R2 values the two opposite sides of the cylinder. The  barrel
contains the hydrophobic core of the protein and stabi-of apoCopC are homogeneous along the entire polypep-
tide sequence with an average value of 8.6  0.7 Hz, lizes its fold through some key interactions: the aromatic
ring of Trp83, belonging to strand 6, is sandwichedwhile for the Cu(II)1 form, signals of residues in the region
40–51 show a large increase in R2 and other residues between the two  sheets as it has numerous contacts
with residues in strands 2 (sheet 1) and 7 (sheet 2),disappear as discussed above. Some residues, mostly
located in loops, also experience exchange contribu- and stacking interactions are found between the aro-
matic rings of Tyr79 (strand 6) and Phe99 (strand 7).tions to R2 rates, originating from conformational equi-
libria. Tyr79 also stabilizes the loop between strands 5 and 6,
through a hydrogen bond of its OH group to the back-The correlation time for molecule reorientation (m)
was estimated from the R2/R1 ratio. m values for apo- bone of Thr75; the polar group of Ser7 in strand 1a is
crucial for the capping of a turn connecting the twoCopC and Cu(II)1-CopC are 6.2 0.2 ns and 6.4 0.3 ns,
respectively. These values are indicative of a monomeric sheets of the protein. A  bulge is found for Val5 and
Structure
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Figure 1. Solution Structure of apoCopC
The radius of the tube is proportional to the
backbone rmsd of each residue.  strands
are indicated. The inset shows conserved
residues in the potential copper binding site.
The figure was generated with the program
MOLMOL [67].
Ser6 (strand 1a), whose NHs are both H bonded with NMRD experiments on Cu(II)1-CopC indicate that a water
molecule is present interacting with copper.the CO of His24 (strand 2). Two hydrogen bonds stabi-
lizing some external loops were experimentally found The electrostatic potential surface of CopC is shown
in Figure 3. The side of the barrel containing the putativebetween CO of Thr98 and HN of Gly12 and between CO
of Val86 and HN of Val30. Loop 40–51, containing four type II copper site has several charged residues, includ-
ing the conserved negative charges of Glu27 and Asp89,Met (residues 40, 43, 46, and 51; Met-rich region hereaf-
ter) and one His, which are conserved in some homolo- producing regions either with positive or negative elec-
trostatic potential. In contrast, the other side of the bar-gous proteins, has an average rmsd of 1.33  0.17 A˚
as a result of a very low number of NOEs. Indeed, in rel, which contains the Met-rich loop, is essentially neu-
tral. The surface of the barrel shows some scatteredthis region, some resonances of Ser49 and Pro50 and
the terminal methyl groups of the four Met cannot be negative and positive charges, which are more concen-
trated in the side formed by strands 1 and 2 wheredetermined.
On a side of the barrel, which includes the N terminus a small region of negative potential is present. The oppo-
site side of the barrel is mainly neutral with a few posi-of the polypeptide chain, there are 4 highly conserved
(see below) residues, that is, 2 His (the N-terminal His tively charged residues. This electrostatic potential sur-
face is consistent with the total charge of 1 and withand His91) and 2 acidic residues (Glu27 and Asp89).
They might provide the four donor atoms (N and O) the pI of the protein, which is estimated to be 8.3.
which can form a tetragonal coordination for the copper
ion (see inset of Figure 1). Indeed, when copper (II) is CopC, Blue Copper Proteins, and Multicopper
Oxidases Share the Same Foldadded, these residues disappear in the NMR spectra as
well as all the residues in a sphere of about 10 A˚ from a The Greek key  barrel fold of CopC resembles the so-
called cupredoxin fold [27]. While no structure is avail-position between Glu27, His91, and Asp89. This position
may constitute the copper binding site, which would able for the class of CopC-like proteins, a similar fold is
shared by other classes of proteins. Using the programhave the coordination of type II copper sites. Residues
outside this sphere but still relatively close to this poten- DALI [28], the Protein Data Bank (PDB) [29] was
searched for proteins adopting a fold similar to that oftial copper site experience line broadening and shift
changes, indicating some interaction with copper. Some CopC. Close matches have been detected with some
immunoglobulin receptors (PDB ID codes 1IAR andother residues even farther away experience only shift
changes; this indicates conformational rearrangements 1F42), cellular adhesion molecules (1ZXQ and 1VCA),
blue oxidases (1BGL and 1AOZ), plastocyanin (1PLC),upon copper binding (see inset of Figure 2). This poten-
tial type II copper binding site is highly solvent exposed, hemocyanin (1LLA), cytochrome f (1HCZ), and the su-
peroxide dismutase copper chaperone (1QUP). None ofand copper could interact with water molecules. Indeed,
Solution Structure of CopC
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Figure 2. 1H-15N HSQC Spectra of apoCopC and CopC in the Presence of One Equivalent of Copper (II)
apoCopC, blue contours; Cu(II)1-CopC, red contours. Inset: on the structure of the protein, a sphere of about 10 A˚ was drawn which contains
all the residues whose signals are broadened beyond detection (red). Residues experiencing shift changes and/or line broadening are shown
in yellow.
these proteins share significant sequence similarity with CopC mean structure, calculated on the C atoms of
aligned residues excluding gaps, are 3.4 A˚ and 2.7 A˚ forCopC.
In Figure 4, the structures of plastocyanin (1PLC) [30] plastocyanin and CueO, respectively.
An interesting difference between the present struc-and the third domain of the multicopper oxidase CueO
(1KV7) [31], both containing a blue copper site, are com- ture and the cupredoxin fold is the lack of the N-terminal
 strand and the absence of helices (see the topologypared to the structure of CopC. The rmsd values of the
Figure 3. Rotated Views of the Electrostatic
Surface of apoCopC
The positively and negatively charged and
neutral amino acids are represented in blue,
red, and white, respectively. The figure was
generated with the program MOLMOL [67].
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Figure 4. Comparison between the Struc-
tures of apoCopC, Plastocyanin (1PLC), and
the Third Domain of the Multicopper Oxidase
CueO (1KV7)
The topology of each protein is shown in the
right-hand panels.
in Figure 4) in CopC. In cupredoxins, the loop between  strands; it is also conserved in blue copper proteins,
where it binds copper in a trigonal plane together withstrands 4 and 5, which has variable length, often con-
tains an  helix. The corresponding loop (the Met-rich a Cys, which is close in sequence to it, and a second His.
In CopC, the presence of an N-terminal His conserved inregion between strands 3 and 4) is disordered in CopC.
Sequence alignment of proteins having residue identity all the homologous proteins is quite characteristic. Due
to the lack of one  strand, the N terminus of CopC isgreater than 30% with CopC is reported in Figure 5.
Note that no cupredoxin has a sequence identity larger at the opposite end of the barrel with respect to cu-
predoxins. This variation in the topology in CopC deter-than 30% with CopC. Figure 5 shows two sets of se-
quences, one set (sequences 1–7) with 4 Met residues, mines the spatial proximity of the two His distant in the
sequence (see Figure 4). Therefore, the location of thewhich can be arranged as an MX2MX2MX4(5)M motif, and
the other, where this motif is missing and no Met is metal binding site is similar in CopC and the blue copper
protein scaffold; however, ligand positions in the se-present. In the Met-rich motif, one of the 4(5) residues
separating the last two Met is often a His, which is a quence are diverse.
potential metal ligand. In the present structure, the Met-
rich motif is “grafted” onto a loop region of a stable The copC Gene and Its Neighbors
The complete operon CopABCD with the regulatoryscaffold, which is formed even in the absence of the
motif. A typical feature of cupredoxins, which is present genes copRS, which provide resistance to increased
extra cellular copper by an accumulation mechanism,also in CopC, is a conserved Tyr, located between
strands 6 and 7 (strands 5 and 6 in CopC), which is are known to exist in seven species other than P. syrin-
gae pv. tomato.hydrogen bonded to the backbone of a residue four
positions upstream. This turn, called a “tyrosine corner” In P. syringae pv. tomato, plasmid-borne CopC and
D are periplasmic and inner membrane proteins, respec-[32], is important for the stability of the  barrel.
Alignment of CopC-like sequences also shows few tively. CopD is a 33 kDa protein (310 amino acids), which
contains several predicted transmembrane regions andhighly conserved residues, namely the 2 acidic residues
(Glu27 and Asp89) and two His (the N-terminal His and some conserved His residues. The other two genes
copA and copB encode, respectively, a 72 kDa (609His91), which may constitute the copper (II) binding site.
His91 in CopC is located in a loop between the last two amino acids) periplasmic protein, binding 11 copper
Solution Structure of CopC
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Figure 5. Multiple Sequence Alignment of Proteins Homologous to CopC with Residue Identity  30%
The alignment was obtained with the program CLUSTALW at http://npsa-pbil.ibcp.fr/. Residue numbering refers to the sequence of CopC
from Pseudomonas syringae pv. tomato. Highly conserved residues are indicated with an asterisk at the bottom. Met residues of the Met-
rich region are shaded.
1, Pseudomonas syringae pv. tomato (C32018); 2, Pseudomonas syringae pv. actinidia (BAA96440); 3, Escherichia coli plasmid pRJ1004
(CAA58527); 4, Xanthomonas campestris juglandis (AAA72015); 5, Pseudomonas fluorescens DF57 (CAC41102); 6, Ralstonia solanacearum
megaplasmid (CAD17809); 7, Ralstonia metallidurans CH34 (CAC07981); 8, Escherichia coli K12 (AAC74911); 9, Escherichia coli O157H7
(AAG56831); 10, Yersinia pestis (CAC90602); 11, Salmonella typhimurium LT2 (AAL20791); 12, Salmonella enterica subsp. enteric (CAD05626);
13, Listeria innocua (CAC97398); 14, Listeria monocytogenes EGD_e (CAD00140); 15, Bacillus subtilis (BAA09026); 16, Sinorhizobium meliloti
pSymA (AAK65312); 17, Mesorhizobium loti (NP_104454); 18, Streptomyces coelicolor (CAC32324); 19, Bacillus megaterium pBM400
(AAF09594).
atoms, and a 39 kDa (328 amino acids) outer membrane the entrance to the blue copper site [31]. The structure
of the third domain of CueO, containing the type I site,protein of unknown copper binding capacity. CopA con-
tains one type I blue copper site [12] and a trinuclear is similar to the structure of CopC (see Figure 4). CopC
and the third domain of CueO also share an MX2MXHX2Mcopper center comprised of a type II and two type III
sites. The binding sites of the other seven coppers, ap- motif, which is disordered in the crystals of CueO as
well as in the present structure. Interestingly, [M(X)nM]mparently novel, are probably located in motifs rich in
methionine, histidine, and aspartic acids. CopB has five motifs are found in other members of the same operon
of CopC (i.e., CopA and CopB) as well as in severalrepeats of the sequence DHSXMX2M as potential copper
binding motifs. proteins involved in copper homeostasis, such as the
CopB ATPase, which confers copper resistance to En-CopA is homologous to the multicopper oxidase CueO
from E. coli, whose crystal structure (1KV7) was recently terococcus hirae [34] and CTR permeases responsible
for copper transport inside eukaryotic cells [35]. In CTRsolved [31]. The overall structure of CueO is similar to
those of laccase and ascorbate oxidase [33], but con- permeases, which are integral membrane proteins, a
series of clustered Met residues are located in the hydro-tains an extra 42 residue insert in the third domain that
includes 14 Met, nine of which lie in a helix that covers philic extracellular domain, and an MxxxM motif is found
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in a transmembrane domain. Importantly, the Met-rich the CopA multicopper oxidase and/or CopB. Interest-
ingly, copper import inside eukaryotic cells occursmotifs of these high-affinity copper transporters have
been shown to be essential for copper (I) uptake in yeast through [M(X)nM]m motifs [36], reminiscent of those
found in CopC, which represents an example of naturaland humans [36].
The Cop proteins are only expressed when P. syringae engineering of a variety of potential novel metal binding
sites on a cupredoxin-like fold.pv. tomato is grown in the presence of CuSO4. Expres-
sion of the complete operon gives a 3-fold increase in
Experimental Proceduresthe resistance of a host strain P. syringae PS61 [12].
Expression of CopC and CopD together increased sen-
Plasmids, Bacterial Strains, Media, and Buffers
sitivity to copper and increased copper uptake, which Escherichia coli DH5 (Life Technologies) was used as the host
was not seen when only CopC or CopD was expressed. strain for cloning and plasmid propagation, and E. coli BL21 (DE3)-
This implies that CopC and CopD are jointly involved in pLysS (Novagen) as the host strain for protein expression from the
vector pET20b (Novagen). Both transformed strains were routinelycopper trafficking, perhaps ensuring that copper essen-
grown in Luria-Bertani (LB) broth [39] or on plates of LB agar, supple-tial for cellular function reaches the cytoplasm while
mented with ampicillin (100 g/ml), or with ampicillin (100 g/ml)CopA and CopB sequester the excess.
and chloramphenicol (34 g/ml), respectively. Induction was carried
In summary, alignment of the present CopC sequence out both in rich LB broth and M9 medium [39] supplemented with
with similar sequences shows that residues in the poten- trace metals, vitamins, and 2 g/L 15NH4(SO4)2 and 3 g/L 13C-labeled
tial type II copper site (i.e., His1, Glu27, Asp89, and glucose as 15N and 13C sources. The following buffer compositions
were used: extraction buffer (10 mM MES, 25 mM NaCl, 1 mM EDTA,His91) are highly conserved, while the Met-rich region
to pH 8 with Tris-HCl), buffer A (10 mM MES, 1 mM EDTA, to pH 8is completely missing in Gram-positive bacteria, which
with Tris-HCl), and buffer B (20 mM MES, 0.1 mM EDTA [pH 6]).lack a periplasmic space (sequences 13–19 in Figure
5), and in some chromosomal copies of Gram-negative
Gene Cloning, Expression, and Purification
bacteria (sequences 8–12). Importantly, when the Met- The full-length coding sequence of CopC was amplified from the
rich region is absent in CopC-like sequences, copA and plasmid pCop65 by PCR and cloned into pET20b between the NdeI
and XhoI restriction sites to create the construct pAT2 which wascopB genes are also missing, while CopC and CopD
confirmed by DNA sequencing.are found together. Furthermore, Gram-positive species
For overexpression, BL21 (DE3) pLysS-competent cells werehave a gene coding a single fusion protein of CopCD,
transformed with pAT2. Cell growth was performed at 37C withindicating that, in the absence of the periplasm, CopC
vigorous shaking. For expression in rich medium, an overnight inoc-
forms a single polypeptide chain with the membrane ulum of 5 ml LB broth was diluted into 1 L LB broth and the cells
protein CopD. This finding provides further evidence for were grown to an OD600 of 0.6. Protein production was induced by
0.4 mM IPTG (Sigma) and shaken for a further 16 hr to allow proteinthe complementary roles of CopC and CopD.
accumulation in the bacterial periplasm. The periplasmic fraction
was released from the cell pellet by three freeze/thaw cycles into
extraction buffer. For 13C/15N CopC expression, an inoculum of 5 mlBiological Implications
LB broth grown for 6 hr was diluted into 100 ml M9 medium, and the
cells were grown overnight prior to inoculating 2 L of M9 medium in
The understanding of copper homeostasis has become 4  2 L flasks. The induction protocol for rich medium was then
increasingly important as the metal could be involved used.
Extraneous proteins were removed from the crude extract byin the pathogenesis of some important neurological dis-
batch adsorption to DEAE-Sephacel in buffer A, and the supernatantorders such as Alzheimer’s disease, motor neurone dis-
(pH 6) was loaded onto a CM52 cation exchange column and elutedeases, and prion diseases [37]. However, while cellular
with a 0–250 mM NaCl gradient in buffer B. Fractions containingmechanisms of Cu(I) transport involving several well-
CopC were concentrated and exchanged to 100 mM sodium phos-
characterized metallochaperone proteins have been phate buffer (pH 7) for apo samples.
widely described [38], trafficking pathways for the cop-
per (II) ion remain largely unknown. Structure and se- Protein Analysis
Protein expression and purification was monitored by 17% SDS-quence comparison with related proteins suggests that
polyacrylamide gel electrophoresis (SDS-PAGE) stained with Coomas-CopC, involved in copper homeostasis, acts in chaper-
sie brilliant blue R-250 against Perfect Protein marker (Novagen). ES-oning copper (II) in the periplasm of Gram-negative bac-
MS spectra were taken with an Applied Biosystems ESI-TOF Mariner
teria. Its structure displays novel copper binding features, mass spectrometer. NMR samples were prepared in 100 mM sodium
suggesting a new function for the  barrel cupredoxin phosphate buffer (pH 7) containing 10% D2O, with a protein concen-
fold, which is generally devoted to electron transfer re- tration of about 2–3 mM.
actions. Blue copper proteins, hosting a copper binding
NMR Spectroscopy and Structure Calculationssite on one side of the Greek key  barrel, contain a
The NMR spectra were acquired on Avance 800 and Ultra Shieldtype I copper ion in a constrained trigonal His2Cys coor-
700 Bruker spectrometers operating at proton nominal frequenciesdination environment. In CopC, the high-affinity, type II
of 800.13 MHz and 700.13 MHz, respectively, using a triple reso-
tetragonal copper binding site is instead solvent ex- nance (TXI) 5 mm probe equipped with pulsed field gradients (PFG)
posed, thus fulfilling basic requirements for a metallo- along the xyz axes.
NMR experiments recorded on 13C/15N-enriched apoCopC arechaperone protein. The structural and genomic analysis
summarized in Table 2. A 1H-15N HSQC experiment was recordedalso points to a possible dual function of CopC and to
to assign the 15N resonances of histidine rings. All 3D and 2D spectraa different role of residues in the type II copper site
were collected at 298 K, processed using the standard Bruker soft-with respect to residues in a Met-rich loop. The former
ware (XWINNMR), and analyzed through the XEASY program [40].
residues could be involved in copper (II) uptake together Distance constraints for structure determination were obtained
with CopD, while the Met-rich region is perhaps involved from 15N- and 13C-edited 3D NOESY-HSQC experiments and from
2D NOESY, by converting NOE crosspeak intensities into upperin binding and transferring copper (I) in conjunction with
Solution Structure of CopC
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Table 2. Acquisition Parameters for NMR Experiments Performed on apoCopCa
Dimension of Acquired Data (Nucleus) Spectral Width (ppm)
Experiments t1 t2 t3 F1 F2 F3 Nb Reference
[1H-1H]-NOESY 1024(1H) 2048(1H) 14 14 64 [54]
[1H-1H]-TOCSY 1024(1H) 2048(1H) 14 14 32 [55]
1H-15N-HSQCc 256(15N) 2048(1H) 40 7 16 [56]
1H-13C-HSQC 256(13C) 2048(1H) 70 14 16 [56]
HNCO 128(13C) 64(15N) 1024(1H) 20 41 14 8 [57]
Long-range HNCO 128(13C) 1024(1H) 20 14 1024 [43]
CBCA(CO)NH 128(13C) 64(15N) 1024(1H) 70 40 14 16 [58]
CBCANH 128(13C) 64(15N) 1024(1H) 70 40 14 16 [59]
CC(CO)NH 128(15C) 64(15N) 1024(1H) 70 40 14 16 [60]
13C HCCH-TOCSY 256(1H) 128(13C) 1024(1H) 14 70 14 8 [61]
15N-edited [1H-1H]-NOESY 256(1H) 64(15N) 1024(1H) 14 41 7 16 [62–64]
13C-edited [1H-1H]-NOESY 256(1H) 128(13C) 1024(1H) 14 71 14 16 [62–64]
HNHA 144(1H) 128(15N) 1024(1H) 14 41 7 32 [17]
HNHB 144(1H) 128(15N) 1024(1H) 14 41 7 32 [42]
a For triple resonance experiments, quadrature detection in the indirect dimensions was performed in the Echo/Antiecho-TPPI mode [65]. For
2D experiments, quadrature detection in the indirect dimension was performed in the TPPI mode [65], and water suppression was achieved
through WATERGATE sequence [66].
b Number of acquired scans.
c A 1H-15N HSQC experiment with a spectral width of 13 ppm centered at 12 ppm for the proton resonances and of 36 ppm centered at 175
ppm for the nitrogen resonances was recorded to assign the 15N resonances of histidine rings.
distance limits of interproton distances with the program CALIBA Titration of CuSO4
Binding of copper (II) to apoCopC was followed through NMR and[41]. Stereospecific assignments of diastereotopic protons have
electronic spectroscopy, using a Varian Cary 50 spectrophotometer.been obtained using the program GLOMSA [41] and by the analysis
Up to two equivalents of copper (II), as CuSO4, was added to a 3of the HNHB experiment [42]. 3 JHNH coupling constants were deter-
mM 13C/15N apoCopC sample and 2D 1H-15N HSQC spectra weremined through the HNHA experiment and transformed into back-
acquired.bone dihedralφ angles through the Karplus equation [17]. Hydrogen
X-band EPR spectra were acquired with a magnetic field modula-bond constraints were obtained using a TROSY version of the long-
tion frequency and amplitude of 100 kHz and 12.00 G, respectively,range HNCO experiment at a magnetic field of 800 MHz [43] and
at 10K on a Bruker EMX (9.5 GHz) EPR spectrometer equipped withused as structural constraints. Backbone dihedral  angles for resi-
an ESR 900 helium flow cryostat (Oxford Instruments).due (i  1) were also determined from the ratio of the intensities of
The longitudinal water proton relaxation rates as a function ofthe dN(i  1, i) and dN(i, i) NOEs. 	1 torsion angle constraints are
the magnetic field (nuclear magnetic resonance dispersion, NMRD)as previously reported [42].
were recorded in the 0.01–10 MHz range at 298K using a STELARThe elements of secondary structure were determined on the
field cycling relaxometer on the sample of CopC loaded with onebasis of the chemical shift index (CSI) [16], of the 3 JHNH coupling
equivalent of copper (II) and on the same sample reduced withconstants, and of the backbone NOEs.
ascorbate to obtain the data of the diamagnetic form of the protein.Structure calculations were performed through iterative cycles of
From the difference between the two rates, the net paramagneticDYANA [44] and GLOMSA [41]. The NOAH approach [45] as well as
contribution to the water relaxation rates was obtained. Data werethe program CORMA [46] were used to find new possible assign-
fitted with the program NMRD [23].ments. CORMA was also used to check that all the crosspeaks
expected on the basis of the structure were assigned and that no
Supplementary Materialobserved NOE (above the noise level) was left unassigned.
Supplementary material includes additional tables containing aThe 35 conformers with the lowest target function constitute the
comparison of genes in the cop operon, 1H, 15N, and 13C chemicalfinal family. REM was then applied to each member of the family
shifts of apoCopC and experimental structural constraints, and fig-using the AMBER 6 package [47]. The NOE and torsion angle con-
ures showing sequential and medium- and long-range NOEs, thestraints were applied with force constants of 50 kcal mol1 A˚2 and
number of meaningful NOEs and rmsd per residue, UV-vis and EPR32 kcal mol1 rad2, respectively.
spectra of Cu(II)-CopC, and 15N relaxation rates of apo and Cu(II)-The quality of the structures was evaluated using the program
CopC. These can be found online at http://images.cellpress.com/PROCHECK-NMR [48]. Experimental restraints were analyzed using
supmat/supmatin.htm.the program AQUA [48, 49]. Structure calculations were run on a
Linux cluster processor.
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